used polyethylenimine-dextran sulfate polyelectrolyte complexes nanoparticles to protect enzymes from harsh conditions [19] . They degraded polymer gels following hydraulic fracturing of oil wells to obtain delayed release of enzyme. In this work, employing DNase I (MW 31 kDa, pI 4.9) as a template protein, we demonstrate that surface imprinted hydrogels over magnetic nanoparticles (Fe 3 O 4 @MIP-NPs) has the unique capability of selective protection of proteins against denaturation induced by heat, UV irradiation, ultrasonication and addition of urea. Moreover, the Fe 3 O 4 @MIP-NPs can even assist renaturation of heat-denatured proteins. These MIP nanoparticles provide useful tools for the stabilization of proteins in various applications.
Experimental Section

Chemicals and materials
Amino-functionalized superparamagnetic Fe 3 O 4 nanoparticles were purchased from Beijing Nachen S&T Ltd (Beijing, China). 4,4'-Azobis-(4-cyanopentanoic acid) (ACPA), N-isopropyl acrylamide (NIPAm), and Tris base were supplied by Sigma-Aldrich (Steinheim, Germany). 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N- [3-(dimethylamino) propyl] methacrylamide (DMAPMA) were obtained from AlfaAesar (MA, USA). N-Hydroxysuccinimide (NHS) and N,N'-methylene bisacrylamide (BIS) were bought from Fluka (Buchs, Switzerland). Acrylicacid (AAc) and dimethyl sulfoxide (DMSO) were purchased from Beijing Chemical Works (Beijing, China). The fluorescent oligonucleotide probes and deoxyribonuclease I (DNase I, from bovine pancreas) were supplied by China Sangon Company (Shanghai, China). 10× DNase I buffer were purchased from New England Biolabs (London, UK). 1× DNase I buffer consists of 10 mM Tris-HCl (pH 7.6), 2.5 mM MgCl 2 and 0.5 mM CaCl 2 .
Preparation of core-shell Fe 3 O 4 @MIP nanoparticles using DNase I as the template
Amino-functionalized superparamagnetic Fe 3 O 4 nanoparticles (2.0 g) were dispersed in 30 mL of DMSO by ultrasonication for 10 minutes. ACPA (1.0 g), EDC (0.50 g) and NHS (0.26 g) were then added and the reaction was carried out under vigorous stirring at 25°C for 6 hours in the dark. The obtained Fe 3 O 4 @ACPA nanoparticles were washed with methanol and then dried under vacuum.
To synthesize the surface imprinted hydrogel over magnetic nanoparticles (Fe 3 O 4 @MIP), the template DNase I (0.32 μmol), the functional monomers NIPAm (5.0 mmol), DMAPMA (2.4 mmol), AAc (2.4 mmol), and the cross-linker BIS (0.2 mmol) were mixed in 10 mL PB buffer (10 mM, pH = 7.6) by stirring at 25°C for 0.5 hours, to which 100 mg of Fe 3 O 4 @ACPA nanoparticles was added and the resultant solution was degassed for 30 minutes. The polymerization was initiated under vigorous stirring with an ultra high intensity UV lamp (MAXIMA ML 3500C/F) at 25°C for 10 minutes. The distance between the lamp and the quartz flasks was fixed at 15 cm. After the reaction, the MIP nanoparticles were separated from the mixture by using a magnet and washed with 1 M NaCl at 50°C under ultrasonication till no DNase I could be detected. The final product was washed with methanol and then dried under vacuum overnight. The non-imprinted control polymer (Fe 3 O 4 @NIP) was prepared following the same procedures as above but without addition of the template DNase I. 
Protection of the protein against heatinduced denaturation by
Circular dichroism (CD) measurements
CD measurements were carried out at room temperature using a Jasco J-810 spectropolarimeter with a 1 mm optical path cell over the range 195−260 nm, with 1 second response time and 50 nm min -1 scan speed. All spectra were the average of five scans at an interval of 1 nm. Prior to calculating the final ellipticity, all spectra were smoothed and corrected for buffer blanks. All the tested solutions were prepared with 1× DNase Buffer or diluted to the same buffer background. The CD intensities are expressed as molar ellipticities (deg cm 2 dmol
).
MALDI-TOF MS measurements
MALDI-TOF MS spectra were obtained using a Bruker Daltonics microflex TOF mass spectrometer. The laser frequency was set on 60 Hz. A mixture of 20 mg mL -1 sinapic acid in 50% (v /v) ACN, 0.2% (v /v) TFA was introduced as the matrix. 0.5 μL of the sample and 0.5 μL matrix solution were mixed on the plate, dried at room temperature for MALDI-TOF MS analysis.
Enzyme activity assay
An oligonucleotide fluorescent probe was employed for determination of the activity of DNase I . The sequence of the probe was 5'-FAM-C*C*C*C*T*CCCCGCACCTAAAGGGT GCGGG G*A*G*G*G*G-3'-Dabcyl, where FAM is fluorescein and DABCYL is 4-((4-(dimethylamino) phenyl)azo)-benzoyl. The self-complementary parts are underlined and the phosphorothioate oligonucleotides (at 3'side) are indicated with an asterisk after the nucleotides. All enzymatic reactions were carried out in 50 μL sealed tubes and monitored by real-time PCR (Stratagene Mx3000P, USA). For DNase I detection, 5.0 μL of 10× DNase I buffer, 1.5 μL of 2.0 μM DNase I probe solution and proper amount of tested enzyme solution were added to the tube, and the total volume of the solution was brought up to 50.0 μL with distilled water. The thermal program was 250 cycles at 37°C with 5 seconds per cycle, and fluorescence was measured at the end of each cycle with excitation and emission wavelengths at 492 and 516 nm, respectively. All the experiments were performed in triplicate.
Renaturation of the heat-denatured DNase I by using the Fe 3 O 4 @MIP NPs
200 ng mL -1 DNase I was denatured by heating at 60°C for 15 minutes. Then 49 μL of 1 mg mL -1 Fe 3 O 4 @MIP NPs was added and incubated with the heat-inactivated DNase I for 30 minutes at room temperature. After magnetic separation and removal of the supernatant, the enzymes were released from MIP with 50.0 μL of 10× DNase I buffer and subjected to activity measurement using the DNase I probe. For comparison, the heat-inactivated DNase I incubated with Fe 3 O 4 @NIP NPs or deionized water were also tested in the same manner.
Results and Discussion
The anti-DNase I surface imprinted hydrogel over the superparamagnetic Fe 3 O 4 nanoparticles were prepared according to our previously reported method [20] . The generated MIP layer was composed of 50 mol% N-Isopropyl acrylamide (NIPAm), 24 mol% N- [3-(dimethylamino) propyl]methacrylamide (DMAPMA) and 24 mol% acrylicacid (AAc) as functional monomers and 2 mol% N,N'-methylene bisacrylamide (BIS) as crosslinking monomer (Scheme 1A). After the synthesis, the template was removed by washing with 1 M NaCl solution at 50°C under ultrasonication. The resultant Fe 3 O 4 @MIP nanoparticles (NPs) could specifically bind DNase I and block its activity. Besides, the bound enzyme could be quantitatively released from the Fe 3 O 4 @MIP-NPs without significant loss of the activity under mild conditions with the assistance of metal ion co-factors. By contrast, the Fe 3 O 4 @MIP-NPs not only adsorbed much lower amounts of the reference enzyme (Exo III), but also significantly affected the conformation of the enzyme. No active Exo III could be recovered from the MIP. Inspired by these results, we further attempted to investigate whether the MIP scaffold could protect the specifically bound proteins from denaturation under harsher conditions. DNase I is usually denatured by heating at 60°C for 15 minutes. To test the protection capability of the Fe 3 O 4 @ MIP-NPs, we incubated DNase I with the Fe 3 O 4 @MIP-NPs at 25°C for 15 minutes, which enabled nearly 100% capture of the protein, and then heated the mixture solution at 60°C for 15 minutes. After magnetic separation, the proteins bound on the NPs were eluted with 50.0 μL of 10× DNase I buffer for further tests (Scheme 1B).
We measured the circular dichroism (CD) spectra of the DNase I solutions before and after the heat treatment. As shown in Fig. 1A , the untreated DNase I solution (control) has a strong negative peak at 208 nm in the far-UV CD spectrum, corresponding to the α-helix conformation of the protein (DNase I is composed of 40% α-helix conformation). After heating at 60°C for 15 minutes, the spectra of the unprotected enzyme significantly changed, with a weak positive peak appearing at 218 nm and the negative peak shifted to 200 nm, indicating that the α-helix conformation has been destroyed and changed into a random coil conformation. By contrast, the MIPprotected enzyme showed an almost similar CD spectrum as the native-state enzyme solution, indicating that the native conformation of DNase I was maintained after the heat treatment. Fig. 1B compared the matrix-assisted laser desorption/ionization mass spectra (MALDI-MS) of the MIP-protected DNase I after heat treatment with the untreated DNase I, which demonstrated the integrity of the recovered DNase I. Testing the NIP-protected DNase I sample for these two experiments was not feasible because the binding capacity of NIP was too low to generate enough treated DNase I for detection.
Next, we examined the enzyme activity after heat treatment by using a specific fluorescent oligonucleotide probe [20] . Since the probe is highly sensitive to DNase I with a detection range from 10 ng mL -1 to 300 ng mL -1 , the free DNase I solution without any protection and DNase I incubated with Fe 3 O 4 @NIP-NPs were also treated following the same procedures as the MIP-protected enzyme solution, and measured for comparison. As shown in Figs. 2A and 3 , the MIP-protected solution retained more than 85% of the original enzyme activity, while only about 50% of the enzyme activity was preserved after incubation with the NIP, and free DNase I was completely denatured after the heat treatment.
Clearly, the Fe 3 O 4 @MIP-NPs showed significant protection capability of the enzyme activity. For free enzyme molecules, heating may easily disrupt the hydrogen bond and cause unfolding of enzyme molecules and exposure of the hydrophobic sites. As a result, the activity of the enzyme was totally lost. [23] By contrast, when bound to the Fe 3 O 4 @MIP-NPs, the enzyme may be confined by specific interactions between the binding sites and the enzyme, thus effectively preventing the enzyme from drastic conformation change. It is interesting to note that the Fe 3 O 4 @NIP-NPs also showed some protection effects, though much lower than those of their MIP counterparts. To understand in more detail, we measured the lower critical solution temperatures (LCST) of the Fe 3 O 4 @MIP-NPs and Fe 3 O 4 @NIP-NPs, which were found to be 55.5°C and 63.9°C, respectively. In comparison with the hydrogels prepared in the absence of the Fe 3 O 4 magnetic core [21] , the LCST of the surface imprinted hydrogels slightly declined (from 59.4°C to 55.5°C). On the contrary, the LCST of the non-imprinted hydrogel notably increased (from 55.6°C to 63.9°C), indicating different effects of the magnetic core on the polymer property. Based on this data, the protection capability of the Fe 3 O 4 @MIP-NPs may be attributed to two reasons. Firstly, during the incubation step, most of the proteins have been bound by the MIP via specific interactions. Secondly, under the tested heating Recoveries of DNase I activity after treatment under different conditions. Enzyme activity without any treatment (control) was taken as 100%. 1.0 μL of 100 μg mL -1 DNase I was incubated with 49.0 μL of 1.0 mg mL -1 MIP or NIP or distilled water at 25°C for 15 min. The mixture solution was (1) heated at 60°C for 10 min; or (2) ultrasonicated at 25°C for 30 min; or (3) exposed to UV irradiation at 25°C for 30 min; or (4) incubated with 1.0 M urea at 25°C for 15 min. The enzymes bound on MIP or NIP NPs were eluted with 50 μL of 10× DNase I buffer and subjected to activity measurement using the DNase I probe.
conditions of 60°C/15 minutes, the imprinted hydrogel might have slightly changed from the swollen state to a compact state, but it still tightly bound the proteins and generally maintained the shape of their active sites. When the temperature was further increased to 75°C, the activity of the recovered enzyme obviously decreased (Fig. 2B) , indicating that the imprinted hydrogel had seriously collapsed and the specific interactions between the binding sites and the enzyme had been destroyed, resulting in significant loss of the protection effect. For the Fe 3 O 4 @NIP-NPs, only a small portion of the proteins were bound by the hydrogel during the incubation period. However, the heat treatment experiments were performed without separation of the NPs from the enzyme solution. Thus, when the mixture solution was heated at 60°C for 15 minutes, the randomly distributed functional groups on the NIP might re-orientate their directions through interactions with the partially denatured enzyme in the solution and further encapsulate more enzymes in the polymer. Due to the high LCST of the Fe 3 O 4 @NIP-NPs, they almost maintained the normal structure during the heat treatment at 60°C, thus preventing the bound enzymes from denaturation. Nevertheless, at a temperature much higher than their LCST (75°C), the protection capacity the Fe 3 O 4 @NIP-NPs significantly declined (Fig. 2B) .
In addition to direct heating, ultrasonic treatment could enhance convective heat transfer as well as generate bubble explosion, which produces local hot spots that may cause protein denaturation. UV irradiation would cause photochemistry reaction of the amino residues and induce irreversible protein denaturation. Denaturing agents, such as urea, could change the secondary structure of proteins via nonspecific interactions and cause denaturation. So we further tested the possibility of using MIPs to protect the enzyme proteins from inactivation induced by these denaturing factors, including ultrasonication at 25°C for 30 minutes; exposure to UV irradiation at 25°C for 30 minutes; or incubation with 1.0 M urea at 25°C for 15 minutes. After the treatment, the enzymes bound on MIP/NIP were desorbed from the NPs and subjected to activity measurement using the DNase I probe. The results of the recovered enzyme activity after the treatment under different conditions are summarized in Fig. 3 .
As can be seen from Fig. 3 , the Fe 3 O 4 @MIP-NPs also showed high protection ability to the bound DNase I against denaturation induced by all the tested conditions. After ultrasonication treatment, the enzyme alone solution or in the presence of NIP both showed distinct loss of the enzyme activity. By contrast, the MIP-protected solution retained about 85% of the enzyme activity. These results strongly proved that the binding of DNase I on MIP was highly selective and stable, whereas the random interactions between DNase I and NIP were liable to the ultrasonic energy. In comparison with the ultrasonication treatment, the UV irradiation treatment showed different impacts on the enzyme activity when the enzymes were treated alone or with the addition of the MIP/NIP NPs. We attributed this to the strong absorption of UV light by the Fe 3 O 4 magnetic core, thus the difference between the MIP and NIP protected enzyme was not as large as the ultrasonication treatment results. For the urea treatment, MIP showed much higher protection capability than NIP, indicating that urea could not only destroy the secondary structure of free enzyme proteins, but also reduce the nonspecific binding of DNase I on NIP, leading to serious denaturation of the enzyme in the presence of NIP. In comparison with other enzyme protection approaches [9, [22] [23] [24] [25] , our method has obvious advantages in high specificity, high efficiency and simplicity.
Encouraged by the above results, we further investigated the probability to renature the heat-denatured proteins by using the MIP NPs. We first denatured DNase I by heating at 60°C for 15 minutes, then added the Fe 3 O 4 @ MIP NPs and incubated with the heat-inactivated DNase I for 30 minutes at room temperature. After magnetic separation and removal of the supernatant, we released the enzymes and measured the activity using the DNase I probe. For comparison, the heat-inactivated DNase I incubated with Fe 3 O 4 @NIP-NPs or deionized water were also tested in the same manner. Fig. 4 compares the activities of renatured DNase I after incubation of the heat-denatured DNase I under different conditions. As can be seen, after cooling down to room temperature for 30 minutes, the enzyme alone solution regained about 15% of its original activity. By contrast, after incubation with the Fe 3 O 4 @MIP-NPs, the heat-denatured DNase I recovered more than 70% of the native activity. This data strongly suggests that the denaturation of DNase I at 60°C for 15 minutes is reversible and the MIP hydrogel has substantial effects on assisting the renaturation of the unfolded enzymes.
According to previous study, once the denaturing agent is removed after denaturation, some proteins can regain their original conformation and resume their function. Certain proteins including DNase I have also been reported to renature after polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate [26, 27] . In our experiment, the imprinted hydrogel has formed specific cavities that accommodate the conformation of the native template protein during the imprinting process. After the templates were removed from the MIP, the hydrogel might swell slightly with a relatively relaxed cavity structure [28] .
For the DNase I heated at 60°C for 15 minutes, it may have unfolded to an intermediate random-coil conformation but have not aggregated. Thus, upon addition of the Fe 3 O 4 @ MIP-NPs, the unfolded enzyme protein may first partially interact with the binding sites in the MIP, then inducing the peptide chain to refold to its native state. For the NIP, the functional groups were not correctly arranged during the imprinting process, so that they could only bind the denatured protein via nonspecific binding, which even hindered the proteins to refold into their original active conformation. These results disclosed a very new and promising function of the protein-imprinted hydrogel. They also provided a useful alternative to help proteins to refolding into their native states, which largely resemble the natural molecular chaperones that provide favorable conditions for protein folding to take place. Further study on the detailed mechanisms of these interesting properties is underway. 
Conclusions
In conclusion, we have demonstrated for the first time the unique capability of magnetic surface imprinted hydrogel nanoparticles for effective protection of enzyme proteins against denaturation induced by heat, ultrasonication, ultraviolet irradiation and addition of urea. Furthermore, the MIP nanoparticles can efficiently assist the renaturation of heat-denatured proteins. The MIP nanoparticles hold great potential for stabilization of proteins in various applications. The mechanisms for the promotion effect of MIP hydrogel on the renaturation of heat-denatured enzymatic proteins merit further investigation. The strategy may be further extended to other proteins.
